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SUMMARY 
The proton polarization in deuteron stripping has been measured for the 
t a rge t  nuc le i  be ry l l i um (Be'), boron ( B l 0 ) ,  carbon ( C1'), s i l i c o n  ( S i z 8 ) ,  
and  calcium ( C a 4 O )  between ZOO and 120°. The r e s u l t s  are general ly  consis-  
t en t  w i th  o the r  po la r i za t ion  measurements a t  13.6 and 15.0 Mev, b u t  t h e y  d i f f e r  
markedly  from po la r i za t ion  da ta  a t  lower deuteron energies.  A comparison  of 
ground and f i r s t  e x c i t e d - s t a t e  p o l a r i z a t i o n s  i n  Be9 suggests that t h e   t o t a l  
angular momentum j n  f o r  t h e  c a p t u r e d  n e u t r o n  i n  b o t h  s t a t e s  i s  t h e  same, t h a t  
is, j n  = 312. For  the  $2 react ion,  a comparison of t he  p ro ton  po la r i za t ion  
w i t h  t h e  c r o s s  s e c t i o n  asymmetry, induced by 22-Mev vector-polarized deuterons,  
shows a l i n e a r  r e l a t i o n  t h a t  i s  compared wi th  the  Di s to r t ed  Wave Born Approxi- 
mation (DWBA) p red ic t ions .  The d i f f e ren t i a l  c ros s  sec t ions  fo r  deu te ron  
s t r ipp ing  from Be', C1', and Ca4' have also been measured. 
IT\JTRODUCTION 
S ince  the  f i r s t  theore t ica l  in te rpre ta t ion  by  But le r ,  (d ,p)  s t r ipp ing  re -  
act ions have been very useful  in  nuclear  spectroscopy for  determining spin,  
p a r i t y  and width of nuc lear  leve ls .  La ter  the  development  of t h e  D i s t o r t e d  
Wave Born Approximation (DWBA) made it p o s s i b l e  t o  f i t  bo th  the  shape  and  the  
absolu te  va lue  of t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  (refs.  1 t o  3 ) .  
F i t t ing  polar iza t ion  da ta .  is a more s t r ingen t  t es t  of the  theory  be-  
cause  the  po la r i za t ion  of the  outgoing  pro tons  depends  c r i t i ca l ly  on  the  d is -  
t o r t i o n  of t h e  incoming and outgoing waves produced by t h e  o p t i c a l  p o t e n t i a l s ,  
p a r t i c u l a r l y  when spin-dependent interact ions are important.  The po la r i za t ion  
i s  a p p a r e n t l y  v e r y  s e n s i t i v e  t o  i n t e r f e r e n c e  between the  s t r ipp ing  r eac t ion  and  
other processes such as compound nucleus formation (ref.  4) .  
If the d i s t o r t i n g  p o t e n t i a l  i s  pu re ly  cen t r a l ,  t he  p red ic t ions  of t h e  DWBA 
f o r  p o l a r i z a t i o n  are (refs. 5 and 6 )  
o r  
P 2 = 0 = O  
n 
A = 3 P P  
P d  
( 3 )  
where P is t h e  magnitude of  t h e  p o l a r i z a t i o n ,  jn  is t h e  t o t a l  a n g u l a r  momen- 
tum, 2, i s  t h e  o r b i t a l  a n g u l a r  momentum of the  captured  neutron,  A i s  t h e  
r i g h t - l e f t  asymmetry i n  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  when polar ized deuterons 
are s t r ipped,  Pp is  the  p ro ton  po la r i za t ion  fo r  s t r ipp ing  wi th  unpo la r i zed  
deuterons,  and Pd s t a n d s  f o r  t h e  component of  the  deuteron  vec tor  po lar i -  
z a t i o n   p e r p e n d i c u l a r   t o   t h e   r e a c t   i o n   p l a n e   ( p a r a l l e l   t o  Pp) . 
On the  o ther  hand, if  spin-dependent  dis tor t ions of the  deuteron  and/or  the  
proton are inc luded  in  the  DWBA, complete polarization i s  p o s s i b l e ,  t h e  n u l l  
r e s t r i c t i o n   f o r  2, = 0 reac t ions  i s  removed, a n d   t h e   r e l a t i o n  between A and 
pP i s  no longer as simple as it is  in  equa t ion  (3).  
The s ign  of the  polar iza t ion  can  be  predic ted  by  a semic lass ica l  model 
first given by Newns ( r e f .  7 ) .  If the deuteron absorpt ion outweighs the proton 
absorption, it should be found  tha t  P 2 0 f o r  jn = 2, * 1/2; and if  the  p ro -  
t o n  d i s t o r t i o n  is  dominant, t h e  s i g n  of P is  the  converse.  
When polar izat ion experiments  i n  (d, p )  r e a c t i o n s  were planned, only a small 
amount of da ta  ex is ted .  In  o r d e r  t o  p r o v i d e  more detailed experimental  informa- 
t i o n ,  t h e  p r o t o n  p o l a r i z a t i o n  ms measured over a wide angular range for sev- 
e ra l  values   of  2, and jn. In  addi t ion,   the   Saclay  group was prepared t o  
s tudy  e l a s t i c  deu te ron  sca t t e r ing  and deuteron s t r ipping react ions with 22-Mev 
vector-polar ized deuterons.  Their r e s u l t s  t o g e t h e r  w i t h  t h e  (d, p )  po la r i za t ion  
and cross  sect ion data from Lewis could present a set of data for  s tudying  
spin-dependent  interact ions in  deuteron s t r ipping.  
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r igh t - l e f t  asymmetry i n  d i f f e r e n t i a l  c r o s s  s e c t i o n  when polar ized deuterons 
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d i f f e r e n t i a l  e n e r g y  loss 
energy 
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Subscr ipts :  
CM 
f es 
deuteron energy 
t o t a l   a n g u l a r  momentum of captured neutron 
wave  number of deuteron 
wave number of proton 
wave number of i n c i d e n t  p a r t i c l e  
wave  number of  outgoing par t ic le  
o r b i t a l  a n g u l a r  momentum of captured neutron 
expectat ion value of o r b i t a l  a n g u l a r  momentum along quan- 
t i z a t   i o n  axis 
a x i s  of quant iza t ion  
po la r i za t ion  
known pro ton  polar iza t ion  for  carbon 
component of deuteron  vec tor  po lar iza t ion  perpendicular  to  
r e a c t  i o n  p l a n e  ( p a r a l l e l  t o  p P )  
pro ton  polar iza t ion  for  s t r ipp ing  wi th  unpolar ized  deuterons  
pro ton  polar iza t ion  in  deuteron  s t r ipp ing  
react ion energy 
number of protons scattered t o   r i g h t  and l e f t ,  r e spec t ive ly  
mixing rat i o  
d i f f e ren t i a l  c ros s  sec t ions  of first and second Scatter- 
ing,   respect ively 
d i f f e r e n t i a l  c r o s s  s e c t i o n s  measured with polarized and 
unpolarized  deuterons,   respectively 
s o l i d   a n g l e  
center  of  m a s s  frame 
first exc i ted  s ta te  
3 
g s  ground state 
l a b   l a b o r a t o r y  mass frame 
EXPERIMEIVTAL PROCEDURE 
Apparatus 
The p ro ton  po la r i za t ion  Pst was determined  by  the  double-scat ter ing 
t echn ique  wi th  the  e l a s t i c  s ca t t e r ing  from  carbon a t  45' as an analyzer .  The 
value of Pst was found  from t h e  measured r i g h t - l e f t  asymmetry by means of t h e  
r e l a t i o n  
R - L  
" 
R + L - ' s t P C  
where R and L a r e  the  number of p r o t o n s   s c a t t e r e d   t o   t h e   r i g h t  and l e f t ,  
respec t ive ly ,  and PC i s  t h e  known polar iza t ion   for   carbon.  The p o s i t l v e   a x i s  
i s  taken along n = k i n  x kout i n  acco rd  wi th  the  Base1 Convention. 
- + -  + 
Figure 1 shows the  exper imenta l  se tup .  It cons i s t s  of a s c a t t e r i n g  cham- 
be r  where the  deu te ron  s t r ipp ing  t akes  p l ace  and a polar iza t ion  ana lyzer  where 
the  reac t ion  pro tons  are s c a t t e r e d  t o  t h e  r i g h t  and le f t .  A deuteron beam, 
co l l ima ted  to  abou t  1/8 by 3/8 inch, was u s e d  t o  bombard t a r g e t s  of the fol low- 
ing thicknesses  (mg/sq em) : beryl l ium (Be) ,  37; boron (BIO) (96  percent  
enr iched) ,  25; carbon ( C ) ,  23; s i l i c o n   ( S i )   ( n a t u r a l   m i x t u r e ) ,  20; and  calcium 
(Ca) ( n a t u r a l  mixture), 30. The beam current  averaged 1.5 microamperes, while 
i t s  energy at t h e  t a r g e t  c e n t e r  was  approximately 20.7kO. 3 Mev. The p o l a r i -  
meter had an angular acceptance of 2.5O; 70-milligrams-per-square-centimeter 
carbon was used  for  an  ana lyz ing  ta rge t .  The double-scat tered protons were 
detected by cesium iodide CsI ( T l )  counter  te lescopes .  Pulses  f rom the  r igh t  
and l e f t  E counter were amplif ied and routed direct ly  into the subgroups of  a 
200 channel pulse-height 
analyzer .  The only   pu lses  
s tored,  however, were 
those  in  co inc idence  wi th  
pulses   f rom  the dE/dX 
counters which exceeded a 
c e r t a i n   b i a s   l e v e l .  The 
background counts from the 
E de t ec to r ,  due  to  the  h igh  
neutron and gamma f lux ,  
were reduced i n  t h e  a n a -  
l y z e r   t o  a neg l ig ib l e  
amount by  th i s  co inc idence  
, rShielding 
E counter:  counter 
dX requirement. Where neces- 
Figure 1. - Schematic of experimental  setup. sa ry ,   t he  background was 
determined by making a run 
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(e) Ca40(d, p)Ca4; laboratory 
angle, 95". 
Figure 2. -Typical  pulse-height  spectra  produced by polarimeter 
with a lead  absorber  inser ted  
between f irst  and second sca t -  
t e r ing .  The (d ,p)   reac t ions   in  
t he  po la r ime te r  t a rge t  were 
el iminated  by  degrading  the 
e l a s t i ca l ly  sca t t e red  deu te rons  
wi th   be ry l l i um  fo i l s  between the  
first and second scattering. 
Typical  pulse-height  spectra  
d i sp l ayed   i n  t he  multichannel 
ana lyze r  a re  shown i n  f i g u r e  2. 
Generally, no d i f f i c u l t i e s  were 
encountered i n  s e p a r a t i n g  t h e  
e l a s t i c  from t h e  i n e l a s t i c  peak. 
The sepa ra t ion  e r ro r  was equal  
t o  or smaller t h a n  t h e  s ta t is-  
t i c a l   e r r o r  and has been included 
i n  t h e  t o t a l  e r r o r .  A 4-percent 
energy resolut ion was required 
t o  s e p a r a t e  ground and first 
exc i ted  s ta te  in   S iz9 .   In   o rder  
t o  o b t a i n  th i s  reso lu t ion ,  the  
angular acceptance of the 
c o u n t e r s  a f t e r  t h e  second sca t -  
t e r i n g  was changed from 8 O  t o  4O, 
t he  ana lyze r  t a rge t  t h i ckness  was 
reduced t o  20 mill igrams per 
square centimeter (400 Kev), 
and the  r eac t ion  p ro tons  were 
degraded i n  energy by 30 percent.  
Instrumental  Asymmetries 
The following is a list of 
the possible asymmetries and t h e  
co r rec t ive  measures taken. 
Misalinement  of axis of polar imeter  with center  of s t r ipp ing  t a rge t .  - As 
a prevent ive measure, all the  mechanical  par ts  were machined t o   c l o s e   t o l e r -  
a n c e s ,  t h e  s h i f t s  of the incident  deuteron beam on t h e  target were r e s t r i c t e d  
s o  as t o  produce no  more than  a 2 percent asymmetry. A s  a check, t h e  p o l a r i -  
za t ion  was measured at severa l  angles  wi th  the  polar imeter  a t  p o s i t i v e  and 
negat ive s t r ipping angles .  
Aspmet r i e s  due t o  e l e c t r o n i c  shifts and inherent asymmetries withi? 
polar imeter .  - A s  a check of long-term electronic  dr i f ts  during the extended 
runs, t he  po la r ime te r  was p e r i o d i c a l l y  moved i n t o  t he  d i r e c t  beam, and pro- 
t o n s  from (d ,p )  r eac t ions  in  the  ana lyz ing  ta rge t  were used t o  t e s t  t h e  r o u t i n g  
5 
and coincidence electronics .  Usually no adjustments  during the runs were 
necessary. 
Short-term gain fluctuations and asymmetries wi th in  the  polar imeter  were 
compensated for by frequent  inversions with r e s p e c t   t o  t he  asymnetry axis dur- 
ing the course of t h e  run. In  the up position, subgroups 1 and 2 of the  pulse-  
height  analyzer  received the spectra  of  t he  r i g h t  and l e f t  counters ;  in  the  
down pos i t i on ,  t he  same informat ion was stored in  subgroups 3 and 4, Thus, any 
ga in  shifts were e a s i l y  d i s c e r n i b l e  and i n  g e n e r a l  were found t o   b e   n e g l i g i b l e .  
This f a c t  made it p o s s i b l e  t o  d e t e r m i n e  the asymmetries i n  the  s i l i c o n  r e a c t i o n  
where the proton groups were not  c lear ly  separa ted  by  count ing  equal  "bands" of 
channels in corresponding spectra.  
Asymmetries due t o   f i n i t e   e x t e n s i o n  - . . of -~ second  ta rge t .  - The instrumental  
asymmetry due t o  the extended second target was corrected using the  expression 
of  Evans (ref. 8 )  neglecting  second-order  terms. The f i n a l  e x p r e s s i o n  f o r  t h i s  
a s w e t r y  was 
- " -  
where al and a2  are t h e   d i f f e r e n t i a l   c r o s s   s e c t i o n s   i n   t h e  first and  second 
sca t te r ing ,   respec t ive ly ,  and a i  and a; are the  corresponding  der ivat ives  
w i t h  r e spec t  t o  ang le .  Th i s  co r rec t ion  is appl ied  as follows: 
The values of o2 and a; were taken  from  Peelle (ref.  9) ;  al and al were 
obtained from Zeidman e t  al. (ref. 10) for boron and from the present study for 
beryll ium,  carbon,  si l icon, and  calcium,  Generally, As was less than  1 per- 
cent ,  bu t  for  a few angles  it i n c r e a s e d  t o  2 .5  percent.  
l 
Analyzing Power 
To ob ta in  the  (d ,p )  po la r i za t ion  from the  c o r r e c t e d  r i g h t - l e f t  asymmetry, 
t he  ana lyz ing  power of the  po la r i -  
meter must be known over the energy 
i-.4[>; -. 2 :;/ range  lyzed.  of  Figure  the  react 3 showsi n  protons  the  xis t ing  ana-  
d a t a  f o r  t h e  e l a s t i c  p r o t o n  p o l a r i z a -  
t i o n  from carbon at 45O ( labora tory  
between 13.5 and 20.0 Mev (refs. 11 
t o  14). I n  o r d e r  t o  o p e r a t e  the 
I = -.6 a m angle)   for   inc ident pro ton   energ ies  
-. 8 
0 14  15  16  17  18 19 20 po la r ime te r   i n   t hreg ion  of l a r g e s t  
Energy,  Mev polar iza t ion ,  the  protons were de- 
Figure 3. - Polarization of protons elastically scattered from graded t o   t h e   r a n g e  of 15 t o  17.5 Mev 
carbon.  Laboratory  angle, 45'. by  beryll ium  absorbers.  
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EXPERlMENTAL RESULTS 
The experimental  resul ts  of th i s  po lar iza t ion  s tudy  are  presented  in  
t a b l e  I. The e r r o r s  i n  the p o l a r i z a t i o n  d a t a  c o n t a i n  t h e  s t a t i s t i c a l  e r r o r s ,  
separat ion errors ,  es t imates  of the  ins t rumenta l  asymmetries, and e r r o r s  i n  t h e  
carbon elast ic  proton polar izat ion.  The r e l a t i v e  d i f f e r e n t i a l  c r o s s  s e c t i o n  
data obtained a t  Lewis  for  deuteron  s t r ipp ing  from beryllium, carbon, and cal- 
cium  and t h e  r e s u l t s  from Zeidman, et al .  ( r e f .  10) for  boron are a l s o  l i s t e d  
i n   t h i s   t a b l e .  
TABLE I. - EXPERIMENTAL DATA 
> a b o r a t o r y  
'1 a b  3 
a n g l e ,  
deE 
21 
30 
40 
45 
50 
55 
60 
65 
70 
80 
105 
90 
21 
30 
40 
50 
45 
55 
60 
65 
70 
80 
90 
21 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
100 
95 
105 
110 
P o l a r i z a t i o n ,  
P C 6 P  cross  s e c t   i o n  
D i f f e r e n t i a l  P o l a r i z a t i o n ,  
P C  6 P  cross s e c t i o n ,  
D i f f e r e n t i a l  
do 
dCl' 
-
a r b i t r a r y  u n i t s  
Labora tory  C e n t e r  of 
'1 a b  9 
a n g l e ,  mass a n g l e ,  
'CM. 
deg d eg 
c1'(d,P)( 
23.2 
33.5 
39.0 
44.0 
49.3 
54.7 
60.0 
70.8 
65.4 
76.0 
81.0 
86.1 
91.1 
96.1 
101.2 
106.0 
t s  
Beg(d,p)UcLo g r o u n d  s t a t e  .1 &:round s t a t e  
23.' 
33. J 
45.0 
50.4 
55.9 
61.3 
0.077C0.077 73.2 
19.8 
15.6 
15.4 
15.6 
13.9 
11.3 
8.2 
6.4 
4.9 
4.7 
4.5 
3.9 
3.4 
2.8 
2.4 
2 1  
30 
35 
40 
45 
50 
55 
60 
70 
65 
75 
80 
85 
90 
100 
95 
2 1  
25 
30 
35 
40 
60 
21 
30 
35 
4 0  
45 
50 
55 
60 
70 
65 
75 
80 
85 
90 
105 
95 
115 
0.107fO.097 
.137+  .075 
-.252f .070 -. 552f .085 
-.535+ .oas 
-. 440f .075 
-.122f .069 
9.0 
4.0 
2.4 
2.2 
1.8 
1.25 
.78 
.95 
.75 
.77 
-75 
-43 
~~ 
3.5 
3.7 
2.4 
2.1  
1.7 
1.3 
.90 
.80 
.74 
.76 
.68 
48.0 
31.0 
17.0 
12.7 
11.2 
11.8 
10.7 
8.4 
5.1 
6.5 
5.0 
4.9 
5.2 
4.3 
4.7 
4.0 
3.6 
3.1 
2.7 
.091+-  .170 
- .  002f .060 .039+ .lo5 -. ZOO? .050 -. 1202 .023 
66.6 
72.0 
-.138f .040 
-.036f  .072 
77.3 -.031f  .140 
87.6 .054f  .065 
112.5 
97.7 
.075+  .075 
.043? .060 
B e g ( d , p ) B e l 0  (3.37 MeV 
33.3 
23.8 I 0.100f0.082 
.004f .096 
.006f .027 
.407i .061 
.332f .053 
.085+ .075 
.065f .044 
-.192f .073 
-. 1612 .037 
-.205i .057 
- .  1782 .080 
-.160+ .036 
50.4 - .1 TO+ .038 
55.9 -. 146f .025 
S i 2 ' ' ( d , p ) S i 2 3  g r o u n d  s t a t e  
22.0 0.144f0.135 
26.1 
-. O2lf ,056 31.3 
-.085+  .lo9 
.119+ .120 62.2 
-. 0405 .161 41.6 
- .025f ,081 36.4 
Ca4O(d,p)Ca4I   ground s t a t e  
61.3 I -.089+ .045 
66.6 
72.0 
77.3 
87.6 
97.7 
-. 0322 .040 
.021+ .073 
-.007f .091 -. 050i .065 -. 070f .098 
B l 0 ( d , p ) B 1 1   g r o u n d   s t a  t t  
21.6 
30.9 
36.0 
41.2 
46.3 
51.4 
56.5 
61.6 
66.7 
71.7 
76.7 
81.8 
86.8 
91.8 
106.8 
96.9 
116.7 
0.042+0.046 
23.2 
27.9 
33.2 
38.6 
44.0 
49.5 
54.7 
60-2 
71.0 
65.5 
76.0 
81.2 
86.2 
91.3 
96.3 
101.4 
106.2 
111.0 
116.0 
5.3 
4.5 
2.6 
1.75 
1.00 
91 
1.00 
91 
.75 
.66 
.55 
0 51 
.45 
-38 
.30 
-25 
-27 
0.145f0.059 
.148f .046 
.131f  .040 
.088+ .076 
.057f .060 
-. 034f .034 
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DISCUSSION 
Be (d,p)Be"  (ground state, 2, = 1; 3.37 Mev, 2, = 1) 9 
A comparison of the Lewis r e s u l t s  f o r  t h e  Be (d,p)Bel0 (ground state) re- 9 
a c t i o n  a t  20.6 Mev with data between 7.8 and 15.0 Mev (refs. 15 t o  1 9 )  i s  shown 
i n  f i g u r e  4. A l l  t he  da t a  po in t s  i n  the  ene rgy  r ange  from 7.8 t o  13.6 Mev have 
t h e  same trend,  as indicated by the dashed curve.  Between 13.6  and 15.0 Mev, 
a d r a s t i c  change occurs that might be due t o  i n t e r f e r e n c e  from compound nuclear  
states. A t  15.0 Mev, t h e  p o l a r i z a t i o n  is  c l o s e  t o  z e r o  for angles  less than  
30' and i s  negat ive beyond. A t  20.6 Mev, the  shape  o f  t he  d i s t r ibu t ion  is  very  
similar t o  t h e  one a t  15.0 Mev, but  the  curve  i s  s h i f t e d  t o  l a r g e r  a n g l e s .  For 
a l l  ene rg ie s ,  t he  po la r i za t ion  i s  p o s i t i v e  a t  t h e  s t r i p p i n g  peak i n  agreement 
with Newns' "s ign rule" for predominant deuteron distortion. 
In  f igu re  5, t h e  ground state (g . s . )  po la r i za t ion  a t  15.0 and 20.6 Mev are 
rep lo t ted  a long  with the corresponding f irst  exc i t ed - s t a t e  (f. e. s. ) polar iza-  
t i ons .  The 20.6-Mev s t r ipp ing  c ross  sec t ions  fo r  bo th  l eve l s  a r e  shown a t  t h e  
bottom of the   f igure .   There  are three in te res t ing   fea tures .   F i r s t ,   the   shapes  
of a l l  p o l a r i z a t i o n  d i s t r i b u t i o n s  a r e  v e r y  similar. Secondly, t he  cu rves  a re  
s h i f t e d  t o  smaller angles  as the  k ine t ic  energy  of the outgoing protons de- 
c reases .  Th i rd ly ,  t he  d i f f e ren t i a l  c ros s  sec t ion  fo r  g.s.  and f.e. s are near ly  
i d e n t i c a l  a t  the  deuteron  bombarding energy of 20.6 Mev. 
Al though  theo re t i ca l  ca l cu la t ions  in  th i s  ene rgy  r eg ion  s t i l l  have t o   b e  
done, t h e  d a t a  of f i g u r e  5 might 
.5c 
c 
I 
0 
1 
Energy,  Source 
Mev 
n 7.8 Ref. 15 
0 8.9 Ref. 16 
0 10.0 Ref. 17 
0 13.6 Ref.  18 
15.0 Ref.  19 
a 20.6 Lewis 
suggest  the fol lowing:  
(1) The a n g u l a r  s h i f t  i n  t h e  
p o l a r i z a t i o n  d i s t r i b u t i o n  is  l a r g e l y  
due t o  t h e  e f f e c t s  i n  t h e  e x i t  chan- 
nel ,  
( 2 )  The e x c i t a t i o n  of t h e  
3.37-Mev s t a t e   i n  Be lo  w i l l  proceed 
p re fe rab ly  th rough  the  jn  = 3/2 
channel. 
In  support  of  the first suggestion, 
t he  deu te ron  s t r ipp ing  r eac t ion  may 
be considered as a three-s tage  
process ;  tha t  is, the  deuteron  i s  
T T  s c a t t e r e d   b y   h e   t a r g e t ,   t h  
.- 6 .4-  
- deuteron i s  s t r ipped,  and the  p ro ton  
c m 
.E . 2  - 
I 
m 
g o  i s  sca t te red  by  the  res idua l  nuc leus .  
,o -.2- e 
c 
The first  s t age  of th is  process w i l l  
ground and f irst  exc i ted  states at a 
pa r t i cu la r   deu te ron  energy. The 
second stage w i l l  a l so  be  ve ry  simi- 
Figure 4. - Proton  polarization  from Be9(d, p)Bel0  ground  state lar if  the   p ro ton-neut ron   in te r -  
a -.4 - be  the same  when comparing t h e  
-.6- I 
0 20 40 60 80 100 120 
Center of mass angle, OCM, deg 
reaction. 
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Reaction  Transi-  Orbital Total  Reaction 
t ion  angular   angular  energy, 
of captured of  captured  Mev 
momentum momentum 9, 
neutron, neutron, 
1, 1" 
Be91d, p)3el0Ig. 5. I ;-O+ 1 3/2 4.59 
Be9(d. p)Be1°*[3.37 MeV) F-2' 1 ." 1.22 
. 4  
. 3  T 
z la) Center of mass incident deuteron energy, 12.3 MeV; center of mass 
outgoing proton energy, 13.5 MeV. Ground state reaction at a labora- 
tory  energy of 15 Mev  lref. 19). 
- 
3 
a 
0 - w . l r  
m .- c -.31 1 , 1 1 ,  I ; , ! , :  ._ B (b) Center of  mass incident  deuteron  energy, 12.3 Mev; center of mass 
L + outgoing  proton  energy 16.9  MeV. First  excited-state  r action at a 
L - laboratory  energy  of 15 Mev  (ref. 19). 
- .. 
I C 1  Center of mass incident deuteron energy, 16.8 Mev; center  of mass 
outgoing proton energy, 18.0 MeV. Ground state reaction at a l a b r a -  
tory  energy of  21  Mev  (Lewis). 
T 
- . J I  1 I I I i l l  I I I I I I 
(dl  Center of mass incident deuteron enerqy. 16.8 Mev; center of mass 
outgoing proton energy, 21.4 MeV. Firsiexcited-state reaction at a 
laboratory  energy of  21  Mev  (Lewis). 
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le) Differential cross section. Laboratory incident deuteron energy, 
Figure 5. - Proton  polarization  and  differential  cross  section  from 
20.6 MeV. 
Be9(d, p)Bel0  reaction. 
act ion and the o rb i t a l   angu la r  momen- 
tum of the captured neutron is the 
same. Therefore, i n   r e a c t i o n s   t h a t  
s a t i s f y  these condi t ions,  differences 
between the  g.s. and f.e.s. po lar iza-  
t i o n s  might b e   a t t r i b u t e d   t o   e f f e c t s  
i n  t h e  exit  channel. This indeed 
seems t o   b e  the  case for beryll ium; 
comparing the  cu rves  in  f igu res  5 ( e )  
and (d), both having center of mass 
incident deuteron energy of 16.8 Mev. 
Also, it may be  seen  tha t  the  g . s .  and 
f. e. s. c ross   s ec t ions  are iden t i ca l ,  
which suppor t s  t he  con ten t ion  tha t  the  
s t r i p p i n g  s t a g e  of the  process  is  the  
same. F ina l ly ,   t he   cu rves   i n   f i gu res  
5 ( b )  and ( e )  a r e  compared  where the  
outgoing proton energies are f a i r l y  
c lose  (1 Mev d i f f e r e n t )  b u t  t h e  i n c i -  
dent  deuteron energies  are  4.5 Mev 
apart.  These two curves show less 
s h i f t  t h a n  t h e  c u r v e s  i n  f i g u r e s  5 ( e )  
and ( d ) .  
The na tu re  o f  t hese  e f f ec t s  i n  
the proton channel can only be specu- 
l a t ed .  Compound nuclear   in te r fe rence  
seems t o  be unimportant in this energy 
region, because of t h e  smooth va r i a -  
t i o n  of c ros s  sec t ion  and po la r i za t ion  
with  energy. If t h i s  is  correct ,  
o ther  changes in  the dis tor t ing poten-  
t ial, poss ib ly  i t s  spin-dependent 
pa r t ,  cou ld  be  r e spons ib l e  fo r  t he  
s h i f t  of the   po lar iza t ion   curves .  The 
existence of spin-dependent inter- 
ac t ions  i s  supported b t h e  f a c t  t h a t  
the  p o l a r i z a t i o n   i n  Be 8 (d,p)Bel0 i s  
l a r g e r  t h a n  t h e  p r e d i c t i o n s  of t h e  
c e n t r a l   p o t e n t i a l  DWBA. 
Since the t o t a l   a n g u l a r  momentum 
o f  the  neu t ron  cap tu red  in  the  
3.37-Mev s ta te  i n  Belo i s  s t i l l  not 
known unambiguously, we will t r y   t o  
obta in  it from the  p re sen t  po la r i za -  
t i o n  result. In  cases  where t h e  
sp in-orb i t  forces  are considered 
negl ig ib le ,  Ruby e t  al. (ref. 5)  have 
shown that if  the  neu t ron  i s  captured 
i n  a d e f i n i t e  stat e of o r b i t a l   a n g u l a r  
9 
momentum, t h e  p o l a r i z a t i o n  of the outgoing proton is 
p2 
where O2 are   the   reduced   wid ths   for   the   neut ron   be ing   cap tured   in  
j = z  *&  
s t a t e s  of t o t a l   a n g u l a r  momentum j = 2 k - and (m) i s  the  expectat ion  value 
of t h e  o r b i t a l  a n g u l a r  momentum along the quant izat ion axis. If it is assumed 
tha t  the  expec ta t ion  va lues  w i l l  be  roughly the same f o r  the  g . s ,  and t h e   f .  e. s. 
r eac t ions ,  t he  r a t io  of the  f .e .  s. p o l a r i z a t i o n  t o  t h e  g a s .  p o l a r i z a t i o n  w i l l  
be a constant {independent of angle)  
L 1 
2 
'res 62 - 2 
"
P gs 6 + l  - 2  
' 3 /  2 where 6 = is t h e  mixing r a t i o  f o r  t h e  f irst  exc i ted  s ta te .  This  means 
O1/2 
bo th  po la r i za t ion  d i s t r ibu t ions  must have similar shape and be in phase.  
The da ta  of t h i s  r e p o r t  do not rigorously support this consequence of t h e  
cen t r a l  po ten t i a l  t heo ry ,  The shapes of t h e  p o l a r i z a t i o n  d i s t r i b u t i o n s  a r e  i n -  
deed very similar; however, there  appears  t o  be a small phase factor.  If it is 
assumed t h a t  t h i s  p h a s e  f a c t o r  is due t o  an  in t e rac t ion  tha t  i s  not contained 
i n  t h e  c e n t r a l  p o t e n t i a l  DWBA (egg., a spin-dependent force) and that i s  small  
enough t o  act  only as  a perturbation, then equation (8) can be used t o  f i n d  6 
from t h e   r e l a t i v e   s i z e  of the  polar iza t ion  pa t te rns  by  neglec t ing  the  angular  
sh i f t .   S ince  7 Pfes = 1, it follows that t h e   e x c i t a t i o n  of t h e  3.37-Mev s t a t e  
gs 
i n  Belo will proceed  l i ke  the  ground s t a t e  p re fe rab ly  th rough  the  j n  = 3/2 
channel, A& 
The (d, p )  angular  cor re la t ion  measurements of Taylor (ref. 20) give two 
p o s s i b l e  v a l u e s  f o r  t h e  mixing r a t io ,  6 = -2.65 and 6 = -0.38. The da ta  con- 
t a i n e d  i n  t h i s  r e p o r t  s u p p o r t s  t h e  first of these values ,  which would ind ica te  
" - 0-63. The errors of Taylor 's  values are between 10 and 15 percent. 
pgs 
Hird and Strzalkowski (ref. 21 )  have measured the  c ros s  sec t ion  asymmetry 
from deuteron stripping with vector-polarized deuterons for the g,s. and fgegs.  
r eac t ions   i n  Beg, Their da ta   i nd ica t e  jn = 1/2 f o r   t h e   e x c i t e d  state, This 
conclusion was based on only two data  points ,  however, and considerable  tensor  
10 
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(a) Proton polarization. 
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(b)  Differential cross section. 
Figure 6. - Proton polarization and differential cross section from 
BIO(d, p)Bl1 ground state reaction; transition, 3'+$ orbital 
angular momentum of captured neutron, 1; total angular momen- 
tum of captured neutron, 2; reaction energy, 9.24 MeV. Angular 
distribution of cross section is taken  from  references 10 and 25. 
3 
con t r ibu t ion  in  the  po la r i zed  
deuteron beam could have been 
present.  
BIO (d, p)Bl1 (ground s t a t e ,  Z n = l )  
In f i g u r e  6, t he  po la r i za -  
t i o n   d a t a   a r e   p l o t t e d  for 7-8, 
8-9, 10.0, 11-4, 13.6, and 
21.0 Mev (refs, 16, 18, and 
22 t o  24). The po la r i za t ion  
changes drastically between 
10 and 11-4 Mev. h o t  her  rapid 
change occurs between 11-4 and 
13.6 Mev. The polar iza t ion  
cu rve  a t  13.6 and 2 1  Mev a r e  
identical  within experimental  
unce r t a in t i e s  and seem to ind i -  
c a t e  a more consistent behavior 
at the  higher   energies .  The 
rapid changes in  the region of 
11.4 Mev seem to b e   l o c a l   f l u c -  
t ua t ions  due t o  compound nuclear 
interferences.  The magnitude of 
t he  po la r i za t ion  is l a rge r  t han  
tha t  p red ic t ed  by  the  cen t r a l  
p o t e n t i a l  DWBA. The s ign   ru le ,  
P > o f o r  j = 2 +- L / Z ,  i s  
obeyed. The o s c i l l a t i o n s   i n   t h e  
po la r i za t ions  a t  2 1  Mev a r e  more 
r ap id  than  those  a t  10 Mev; this  
i s  r e f l ec t ed  in  the  d i f f e rences  
i n  t h e  d i f f e r e n t i a l  cross sec- 
t i ons  ( r e f s .  10 and  25). 
C (d,p)Cl3 (ground state,  2, = 1) 
T h i s  reaction has been 
studied experimentally at many 
energies.  The data  between 
6 and 2 1  Mev ( r e f s .  16, 22, and 
26 t o  31) a r e  p l o t t e d  i n  f i g -  
ure  7. Apart  from the  ex i s t ence  
of some f i n e  s t r u c t u r e  i n  t h e  
region of 50° (center  of mass 
angle)  at 10- and 15-Mev deu- 
t e r o n  energy, t he  gene ra l  t r end  
of a l l  t h e   d a t a  up to 15 Mev is 
the same and can be represented 
1 2  
11 
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(a)  Right-left  asymmetry  obtained  with 22-Mev  polarized 
deuteron (refs. 33 and  private  communication  from 
R. Beurtey). 
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by the dashed l i n e  (see f i g  7 (b)) .  
This a l so   i nc ludes  C12(d, n)N13 p o l a r i -  
z a t i o n  at 11.8 The s o l i d   l i n e  
i n   f i g u r e  7 (b) connects the data po in t s  
ob ta ined   fo r  Ed = 2 1  Mev. The main 
feature a t  t h i s  energy is the substan- 
t i a l  shift  of t h e  p o l a r i z a t i o n  d i s t r i -  
but  ion  toward smaller angles  and the  
p o s i t i v e   s i g n  of t h e   p o l a r i z a t i o n   b e -  
tween 20' and 30'. Since  the  magnitude 
is l a rge r  t han  one - th i rd ,  sp in -  
dependent interact ions are involved. 
A d e t a i l e d  DWBA a n a l y s i s  f o r  t h e  
C12 (a, p ) CI3 reac t   ion  at Ed = 8.9 Mev 
has been made by Robson (ref.  32 ) .  In 
th i s  work, h e  i n v e s t i g a t e d  t h e  e f f e c t s  
of r ad ia l  cu t -o f f  and spin-orbit poten- 
t i a l s  i n  the DWBA on c ross  sec t ion  and 
po la r i za t ion .  H i s  ana lys i s   ind ica ted  
that  t h e  c o n t r i b u t i o n s  from the  nuc lea r  
i n t e r i o r  are s i g n i f i c a n t  a n d  l e a d  t o  a 
b e t t e r  f i t  of t he  c ros s  sec t ion  da ta .  
Even so, the c a l c u l a t e d  p o l a r i z a t i o n  
did not  resemble the experimental  
d i s t r i b u t i o n .  Subsequent i nc lus ion  of 
s p i n - o r b i t  p o t e n t i a l s  i n  b o t h  the  
incident  and f inal  channel ,  however, 
reproduced the general  t rend of the 
experimental  data both in magnitude and 
shape. 
In  the  cu r ren t  s t r ipp ing  theo ry ,  a 
comparison between the  c ross  sec t ion  
asymmetry induced by incident  polar ized 
deuterons  and  the  pro ton  polar iza t ion  
from s t r i p p i n g  of unpolarized deuterons 
is useful f o r  the  inves t iga t ion  of 
spin-dependent  forces  and tensor  inter-  
ac t ions  of the  deuteron.   Neglect ing 
sp in -o rb i t   e f f ec t s ,   Sa t ch le r  (ref. 6 )  
has d e r i v e d  t h e  r e l a t i o n  
0 1 1 1  I 
10 20 40 60 80 100 120 
Center of mass angle, E+-, deg 
(c)  Differential  cross  section. 
Figure 7. - Comparison of asymmetry, polarization, and 
differential  cross  section  from C!2(d, p)C13 ground 
state reaction; transition, O+-i ; orbital angular mo- 
mentum of captured neutron, l; total angular momen- 
t u m  of captured neutron,?; reaction energy, 2.72 MeV. 
, I  
1 
= 0 )  unpol (1 -t 35 ' Pa) -+ 
P 
where a(@)pol and a(@ )upol a r e   t h e  
d i f f e r e n t i a l  c r o s s  s e c t i o n s  measured 
with polarized and unpolarized deu- 
12 
t e rons ,  respec t ive ly .  T h i s  lea.ds  immediately t o  the expression A = 3P P P d' 
The Saclay asymmetry  measurements ( ref .  33) f o r  t h e  C1'(d,p)C13 g . s .  re- 
ac t ion  wi th  22-Mev approximately 50 percent  vector-polar ized deuterons are  
shown as t h e  uppermost curve of figure 7 .  To de te rmine  the  r e l a t ion  between 
t h e   r i g h t  - le f t  asymmetry of t h e  
c ros s  sec t ion  and proton polariza- 
- '2r ._ m t i o n ,  pa i r s  o f  experimental  values c of A and Pp f o r  e q u a l  angles c E have b e e n  p l o t t e d  i n  f i g u r e  8. 
ing points  can be located on t h e  
s t r a i g h t  l i n e  
1- ;; c ? .o ob Within t h e   e r r o rb a r s ,t h e   r e s u l t -  
z-$ -.2 
E " -.4 
._ D The substant ia l   d isagreement  of 
m L  A = 0.47 P - 0.15 
- P (10) 
E 
= - . 6  I I I I I I I  I ' I ' ' t h i s   expe r imen ta l   r e a t ion   w i th  
-. 8 -. 6 -.4 -. 2 0 . 2  . 4  . 6  
Proton polarization for str ipping with unpolarized deuterons, Pp Satchler '  s equation (eq.  (3) ) i nd i -  
angles  taken  from  f igure 7 are  replotted. dependent  effects, most probably 
Figure 8. - Pairs of asymmetry  and  polarization data at equal 
ca tes  the  ex is tence  of  sp in-  
a r i s i n g  Prom the  sp in -o rb i t  fo rce .  
The e f f e c t  of sp in -o rb i t  fo rces  on the polar izat ion-asymmetry relat ion has  
been  investigated  by Robson ( r e f s .  34 and 35). H i s  expression i s  
a a .41 
- 7  L .- c ._ - . 3  - " I .= -.4 
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Figure 9. - Proton  polar izat ion  f rom SiZ8(d, P ) S ~ * ~   g r o u n d  state 
reaction. Orbital angular momentum of captured neutron, 9 
reaction energy, 6.25 MeV. 
where Pp and Pd are the   a fo re -  
mentioned quantit ies and the fac- 
t o r  f genera l ly  i s  a funct ion of 
t he  ang le  bu t  can  s impl i fy  to  R con- 
s tant  under  cer ta in  c i rcumstances.  
For   the  C l 2  (d ,   p)CI3  reaxt ion,   th is  
i s  not the case,  and a d e t a i l e d  nna- 
l y s i s  i s  requi red  to  unders tand  the  
r e l a t i o n  between A and Pp. 
SiZ8(d,p)Siz9  (ground  s ta te ,  1, = 0 )  
The po la r i za t ion  of t h i s  r e a c -  
t i o n  w a s  measured as a case where 
t h e  a n g u l a r  momentum of the  captured  
neutron i s  zero. Such t r a n s i t i o n s  
a r e  p a r t i c u l a r l y  i n t e r e s t i n g  b e c a u s e  
t h e  DWBA theory  predic t s  zero  polar -  
i z a t i o n  when spin-dependent inter-  
ac t ions   a re   ignored .  A t  10 and 15 
Mev (refs. 23  and 30), t h i s  r e a c t i o n  
has been studied, and a maximum 
polar iza t ion  of  20 percent w a s  found. 
13 
I 
- . 5 L ~ 1 I l r I l l l l I I I r  
(a)  Proton  polarization. 
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(b) Differential  cross  section. 
Figure 10. - Proton  polarization  and  differential  cross  se5tion  from 
Ca40(d, p)Ca41 ground state reaction; transition, 0'": ; orbital 
angular momentum of captured neutron, 3; total angular momen- 
t u m  of captured neutron,-; reaction energy, 6.14 MeV. 7 
2 
The angular dependence i s  very 
similar a t  both  energies .  We 
wanted t o   s e e  i f  t h e  s i m i l a r i t i e s  
would p e r s i s t  a t  the  deuteron  
energy  of 2 1  Mev. Because of t h e  
d i f f i c u l t i e s  i n  r e s o l v i n g  t h e  g . s .  
from t h e  1.28-Mev s t a t e   i n  Si29, 
t h e  p o l a r i z a t i o n  was measured a t  
on ly  s ix  ang le s .  The d a t a  a r e  
p re sen ted  in  f igu re  9 along with 
t h e  r e s u l t s  a t  10  and 15 Mev. I n  
s p i t e  of t h e  l a r g e  s t a t i s t i c a l  
u n c e r t a i n t i e s ,  t h e  d a t a  p o i n t s  
suggest  tha. t  the  polar izat ion dis-  
tr ibution remains constant between 
10 and 2 1  Mev; t h a t  is, t h e  ef-  
f e c t s  of t h e  s p i n - o r b i t  f o r c e s  i n  
Si28 are f a i r l y  independent of 
energy. A DWBA ana lys i s  of t h i s  
react ion has  been done a t  10 and 
15 Mev deuteron  energy. The f i t s  
obtained are v e r y   s a t i s f a c t o r y  
(p r iva t e  communication from 
W. R. Smith and ref. 36 ) . 
Ca (d, p ) Ca41 
(ground-state, 1, = 3) 
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In  f igu re  10, t he  po la r i za -  
t i o n  r e s u l t s  a t  21 Mev a r e  com- 
pared with data  a t  10, 11.4,  and 
13.6 Mev ( r e f s .  24, 18, and  37). 
The po la r i za t ions  at 13.6 and 
2 1  Mev are almost t h e  same at  
forward angles, as were t h e  p o l a r -  
i z a t i o n  d i s t r i b u t i o n s  f o r  B10 at  
t h e  same energy. A t  10 and 11.4 
Mev, there  occurs  a r ap id  change with energy, but the  o s c i l l a t o r y  p a t t e r n  
remains similar t o   t h e  21-Mev polar iza t ion .  Most r e c e n t l y  t h i s  r e a c t i o n  has 
been studied a t  15 Mev (ref.  38). Up t o  50' ( labora tory  angle)  the results are 
similar t o  t h o s e  at 10 Mev, and fo r  l a rge r  ang le s  the  po la r i za t ion  cu rve  l i e s  
between t h e  10- and 21-Mev d i s t r ibu t ions .  S ince  jn  = 2, + 112 f o r  t h i s  re- 
a c t   i o n ,   t h e   s i g n   r u l e  f o r  predominant  deuteron  distort  ion would imply  posi t ive 
po la r i za t ion  a t  t h e  s t r i p p i n g  peak. This ag rees  wi th  the  da t a  a t  13.6, 15, 
and 2 1  Mev. The disagreement a t  t h e  two lower energies might be connected 
wi th  the  r ap id  f luc tua t ion  wi th  ene rgy  tha t  i nd ica t e s  i n t e r f e rence  f rom o the r  
r eac t ion  mechanisms.  The d i f f e ren t i a l  c ros s  sec t ion  ove r  t he  angu la r  r ange  o f  
t he  polar izat ion has  been measured s ince  no c ross  sec t ion  da ta  were ava i l ab le  
at t h i s  energy. The deuteron elast ic  cross  sect ion has  been measured a t  
21  Mev ( p r i v a t e  communication  from J. Yntema), t h e  e l a s t i c  d e u t e r o n  p o l a r i z a -  
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t i o n  a t  22 Mev ( p r i v a t e  communication from R. Beurtey), and t h e  p r o t o n  e las t ic  
po la r i za t ion  very r e c e n t l y  at Lewis between 1 7  and 2 1  Mev (ref.  39). It is 
hoped t h a t   t h i s   r a t h e r  complete experimental set w i l l  f a c i l i t a t e  a t h e o r e t i c a l  
unders tanding  of  th i s  reac t ion .  
CONCLUDING REMARKS 
The following common features can  be  s ta ted  f rom the  resu l t s  of t h e  re- 
ac t   ions   inves t iga ted :  
1. The predic t ions  of t h e  c e n t r a l  p o t e n t i a l  DWBA (eqs. (1) t o  (3)  ) are 
v io la ted .  The magnitude  of t h e  p o l a r i z a t i o n  is always at least s l i g h t l y  l a r g e r  
t h a n  t h e  t h e o r e t i c a l  l i m i t ;  the  S iZ8(d ,p )  po la r i za t ion  is  nonzero and t h e  
r e l a t i o n  between A and Pp i n  t h e  C12 reaction  cannot  be  described  by equa- 
t i o n  (3) .  It i s  concluded that  spin-dependent  interactions are probably  sig- 
n i f i c a n t  i n  a l l  reac t ions .  
2. The "sign  rule"  P 2 0 f o r  jn  = 2, 112, i s  t h e  one most o f t en  obeyed 
indica t ing  tha t  in  these  reac t ions  the  deuteron  d is tor t ion  outweighs  the  pro ton  
d i s t o r t i o n .  Even in  the  p re sence  of sp in -o rb i t  e f f ec t s ,  t h i s  s ign  ru l e  shou ld  
be  va l id  in  the  s t r ipp ing  peak  as was pointed out by Butler (ref. 40). D i s -  
agreement with the s i g n  r u l e  i n  B10 and Ca40 a t  10 and 11.4 Mev could be re-  
l a t e d   t o  the strong energy dependence of t h e  ( d , p )  p o l a r i z a t i o n  i n  this  energy 
reg  ion. 
3. The energy dependence of po la r i za t ion  in  deu te ron  s t r ipp ing  ind ica t e s  
that  t h e r e  are regions several  Mev wide where t h e  p o l a r i z a t i o n  changes very 
l i t t l e .  In  Be9, BIO, and Ca40 between 10 and 1 2  Mev and i n  C 1 2  between 15 and 
2 1  MeV, r ap id  va r i a t ions  are observed whose nature cannot be explained a t  t h e  
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